Based on a structural VAR and a dynamic general equilibrium model, we provide evidence of the changes in the monetary transmission mechanism (MTM) in the European Monetary Union after the adoption of the common currency in 1999. The estimation of a Bayesian VAR over the periods before and after 1999 suggests that the effects of a monetary policy shock on output and prices have not significantly changed over time. We claim that this cannot be the final word on the evolution of the MTM as changes in the conduct of monetary policy and the structure of the economy may have offset each other giving rise to similar responses of output and inflation to monetary policy shocks between the two periods. The estimation of a DSGE model with several real and nominal frictions over the two subsamples shows that monetary policy has become more effective in stabilizing the economy as the result of a decrease in the degree of nominal rigidities and a shift in monetary policy towards inflation stabilization.
1 Introduction * Over the last two decades most industrialized countries have experienced a sustained increase in trade, significant changes in the way financial markets operate, reforms toward the liberalization of product and labour markets and a stronger focus of central banks on price stability. In continental Europe, the creation of the European Monetary Union (EMU) in 1999 has been a crucial institutional change that has potentially affected the economies of the member states. The elimination of the exchange rate risk might have spurred trade integration among member countries; the establishment of the European Central Bank (ECB) with a clear mandate to stabilise inflation could have changed the way in which expectations are formed, with potential effects on consumption and investment decisions by households and firms. As more than ten years have passed since the creation of the EMU, there are now sufficient data to allow for a study of the changes that may have occurred in the transmission mechanism of monetary policy (MTM henceforth).
The goals of the paper are to document the changes that may have occurred in the MTM with the creation of the euro and to identify the causes behind these changes.
Understanding the evolution of the MTM and disentangling the factors behind are crucial for the assessment of the policy stance and for correctly quantifying the macroeconomic effects of policy decisions. To pursue our objectives we use two approaches: a structural VAR and a dynamic general equilibrium model. We choose to rely also on VAR methods in order to have results that are directly comparable with those of the literature on the subject. The results of the VAR analysis are, however: (i) not fully informative on the evolution of the MTM as there could have been changes in more than one of the structural parameters of the data generating process (DGP) of the economy that may have offsetting effects on the VAR representation of the DGP; (ii) difficult to interpret as the factors behind an observed change in the response of output and prices to monetary policy shocks cannot be disentangled. For these reasons, we complement the VAR evidence with the estimation of a simplified version of the Smets and Wouters [2007] model over two sample periods, before and after the adoption of the euro. The estimation of a more structural model allows us to disentangle the various channels at work, and in particular to understand whether there has been a change in the conduct of monetary policy or in the parameters that characterize the behaviour of the private sector. Furthermore, counterfactual exercises can be performed with a DSGE model, while the reliability of them in the context of structural VAR models is questionable (Benati and Surico [2009] and Benati [2009] ).
The monetary transmission mechanism is one of the most largely studied area of monetary economics and this paper is related to a large part of this literature. In the early years of the EMU extensive research has been carried out by the ECB and the national central banks of the Eurosystem (Monetary Transmission Network, MTN) to uncover the main stylized facts of the monetary transmission mechanism both at the aggregate and at the countries level.
1 The main results of the network are the following:
(i) changes in the monetary policy instrument have temporary effects on aggregate euro area output and long lasting ones on prices; (ii) monetary policy affects the economy mainly through the interest rate channel; (iii) credit constraints do not play a crucial role at the aggregate level; (iv) it is difficult to detect systematic differences across countries.
These findings were obtained with a sample period that included only the years prior to the adoption of the euro. Since the MTN provided no assessment on the monetary transmission mechanism after the creation of EMU, our contribution to this literature is to update the analysis at the aggregate level with the additional data that have become available since then.
While there are several studies that investigate the changes in the MTM of the U.S. economy (see for instance Boivin and Giannoni [2006] and Boivin et al. [2009] ), few empirical analysis focus on the evolution of the monetary transmission in the euro area after the creation of the EMU and the establishment of the single monetary policy. Among these studies, Weber et al. [2011] provide statistical evidence that a break might have occurred between 1996 and 1999 but they conclude that overall the monetary transmission mechanism in the euro area has not significantly changed. While Weber et al. [2011] adopt an area-wide perspective, Boivin et al. [2008] study the transmission mechanism of common monetary shocks to a subset of euro area countries and conclude that this mechanism has, indeed, changed with the creation of the EMU. The introduction of the euro brought about an overall reduction of the effects of monetary policy on output, inflation and the long-term interest rate and an increase in the effects on the exchange rate. The authors rationalize these findings in a stylized and calibrated open-economy DSGE model with an increase in the aggressiveness of monetary policy towards inflation and output and with the disappearance of exchange rate risks. Our paper contributes to the literature by providing a structural interpretation of the changes in the MTM through the estimation of a fully-fledged DSGE before and after the introduction of the euro.
Differently from Boivin et al. [2008] , we choose an area-wide approach. There are at least two reasons why we think this is reasonable. First of all, the MTN showed that there cannot be detected significant cross-country differences. Mojon and Peersman [2001] , in a country level analysis of the MTM, illustrate that the results are qualitatively similar across countries. The differences in the size of the effects for each countries, while clearly visible on the mean responses, disappear when accounting for uncertainty. Furthermore, if there is some degree of heterogeneity, it has not changed over time (see for instance Ciccarelli and Rebucci [2006] on the effects of a monetary policy shock and Giannone et al. [2008] on the unconditional properties of the business cycle) and it is due mostly to idiosyncratic shocks (see Giannone and Reichlin [2006] ). Overall, previous studies seem to suggest that not accounting for the heterogeneity across member countries does not impair the comparison of conditional moments across different periods of time.
The DSGE model we estimate captures the salient features of the macroeconomic time series of the euro area (see Smets and Wouters [2003] ). Monetary policy has real effects in the short run because of nominal frictions in wages and prices. The main channel through which it influences the economy is the interest rate channel; price and wage rigidities imply that changes in the nominal interest rate affect the real interest rate on which the decisions on the intertemporal allocation of consumption are based.
The euro area is modelled as a closed economy. While acknowledging the importance of the openness dimension of the euro area, we believe it is not a strong assumption to neglect it, taking into account also that the MTN found that the exchange rate channel was not playing an important role at the area-wide level. The remainder of the paper is organized as follows. Section 2 describes the VAR approach, the identification schemes of monetary policy shocks and the results. Section 3 presents the results of the estimation of a medium-scale DSGE model over the pre-1999 and post-1999 periods. Section 4 illustrates the possible explanations for the changes in the MTM using some counterfactual simulations with the estimated model. Section 5 offers some concluding remarks.
The VAR approach
In this section we study the transmission mechanism of monetary policy and the possible changes that might have occurred after 1999 using a VAR approach. The VAR model has 3 By effectiveness of the monetary policy, in this exercise, we mean that both output and prices are more responsive to an exogenous change of the nominal interest rate.
8 the following representation:
where y t for t = 1, ..., T is a K × 1 vector of endogenous variables, x t is a Q × 1 vector of exogenous or deterministic variables, ε t is a K × 1 vector of errors, p is the number of lags and B(ℓ) and C, with ℓ being the lag operator, are K × K and K × Q matrix of coefficients. We assume ε t to be independent and identically normally distributed with mean equal to zero and covariance matrix Σ.
All the VARs are estimated with data in levels, so that our results do not depend on some arbitrary data transformation. We have collected data for the euro area economy both at monthly and quarterly frequency. Economic activity is measured with real GDP, the price level with the GDP deflator and the short-term nominal interest rate with the 1-month money market rate.
5
When the number of parameters to estimate is large given the sample information, unrestricted VAR tends to overfit the data. In order to avoid this we resort to Bayesian methods and we combine a priori information with the likelihood function of the data.
We define α = [vec(A) vec(C)] ′ a vector of size (Kp + Q)K where we stack the coefficients in A(ℓ) and C (p is the number of lags). We choose a normal prior for the coefficients in α and a diffuse one for the variance-covariance matrix of the shocks Σ:
whereᾱ denotes the mean of the prior andΣ α its variance covariance matrix. We impose the restrictions of the so called Minnesota prior (see Litterman [1986] ) on the coefficients in α (Doan et al. [1984] ). This implies that a priori we represent the series included in the VAR as univariate random walks with correlated innovations. All coefficients inᾱ are equal to zero except the first own lag of the dependent variable in each equation, which is set to one. Moreover it is assumed that the prior covariance matrixΣ α is diagonal and that the σ α ij,ℓ element, corresponding to lag ℓ of variable j in equation i, is equal tō
The hyperparameter φ 0 represents the overall tightness of the prior; φ 1 the relative tightness of other variables, φ 2 the relative tightness of the exogenous variables and h(ℓ) the relative tightness of the variance of lags other than the first one (we assume throughout that h(ℓ) = ℓ, that is a linear decay function). The term (σ j / σ i ) 2 is a scaling factor that accounts for the different scale of the variables of the model. We set φ 0 = 0.1, φ 1 = 0.5 and φ 2 = 10 5 in our benchmark specification (see Canova [2007] ), but we perform some robustness exercises on the relevance of the prior tightness to the results. Rewriting the VAR in (1) in companion form as Y = ZA + u, the posterior distribution is Normal-Wishart:
where α and Σ α are the mean and covariance matrix of the posterior distribution andÂ is the OLS estimate of the companion matrix A. We draw α and Σ from the posterior using the Gibbs sampling algorithm.
Identification of monetary policy shock
Isolating exogenous variations in the stance of monetary policy is a difficult task and yet a crucial one as the results on the monetary transmission mechanism may be sensitive to the assumptions for the shock identification. The coefficients of the structural equations below (abstracting for simplicity from the exogenous variables x t ) can be recovered from the estimated reduced form (1)) by imposing enough restrictions on the matrix A 0
where v t are the structural shocks with covariance matrix equal to the identity one. In order to find a set of results that are fairly robust, we proceed following three different strategies for identifying the shock.
The first identification scheme we use is a recursive one (see, among others, Christiano et al. [1999] ). We decompose the variance-covariance matrix of the reduced form residuals Σ using a Cholesky factorization. The ordering of the variables is the following:
commodity prices (cp), the price level (p), industrial production (y), the EONIA rate (R), the M2 monetary aggregate (M2) and the nominal effective exchange rate of the euro (e). Both commodity prices and the exchange rate are used to control for foreign inflationary pressures and to capture the open economy dimension of the euro area. We also consider a recursive identification scheme in a VAR in which both commodity prices and the exchange rate are treated as exogenous variables (i.e. they are included in x t and not in y t in equation (1)).
The second identification strategy follows Sims and Zha [1999] and Kim [1999] and assumes that because of information delays monetary policy cannot respond within the month to prices and industrial production. At the same time, we assume that the monetary policy authority observes and reacts to commodity prices, money and the exchange rate. The restrictions of this identification scheme define a money demand and money supply equation; the monetary policy shock influences output and prices only with a lag, while money and the exchange rate are affected contemporaneously. Money demand depends on prices, output and the nominal interest rate. The innovation to commodity prices affects contemporaneously the nominal effective exchange rate. The nominal exchange rate, as an asset price, reacts to all variables in the system. The shocks are exactly identified since this allows to compute probability error bands for the impulse responses using standard Monte Carlo methods. 6 The following matrix:
0 a 5,2 a 5,3 a 5,4 a 5,5 0 a 6,1 a 6,2 a 6,3 a 6,4 a 6,5 a 6,6
summarises our structural identification scheme and allows recovering the structural representation of the VAR (eq. 6) from the reduced form (eq. 1).
The last identification strategy implemented is sign restrictions (see Canova and De Nicolo [2002] , Uhlig [2005] and Dedola and Neri [2007] ). We impose that prices, output and money respond negatively to a positive monetary policy shock while the interest rate increases. This set of restrictions is imposed only on impact, leaving unrestricted the dynamics of the variables from the second step of the impulse horizon onwards.
The effects of monetary policy shocks before and after the creation of the EMU
In this section we present and discuss the impulse responses to a monetary policy shock estimated from different VARs under the identification schemes described above. We are interested in documenting the possible changes in the MTM that may have occurred after the creation of the European Monetary Union. To this end we split the sample at 1999:M1 (and 1999:Q1 for quarterly data), the time at which the euro was adopted. Since the econometric methodologies are generally weak in identifying the exact date in which a structural break occurs when the sample is short, as it is in our case, we do not search for it in the data (as it is done by Weber et al. in the monthly VAR and to 3 in the quarterly VAR; however, they are robust to different lag specifications.
Overall, the responses of prices and real activity are similar across sample periods and they are in line with the stylized facts on monetary transmission mechanism (see Figure 1 ). An unexpected rise in the short-term interest rate is followed by a temporary fall in output and a more sluggish and persistent decline in the price level. These results are robust across all identification schemes. The picture obtained from the monthly VAR is confirmed when using quarterly data (see Figure 2) Looking at the median responses, there is evidence of a small change. We notice that in the EMU sample the decrease of real activity is more pronounced and the price level drops more strongly. In the monthly VAR with Choleski identification, the peak response of industrial production is -1.73 per cent in the pre EMU sample and -1. found in a similar paper by Giannone et al. [2009] , in which they found no evidence on a changes in the VAR coefficients after 2008. There is a chance, however, that the few data available are not able to capture the structural changes brought about by the recent crisis. A possible break of the MTM after 2008 could be observed in a VAR only when more data of the new "regime" will be available.
To sum up, the conclusions that we draw from the VAR analysis are that, accounting for the strong uncertainty surrounding the impulse responses, there have been only minor changes in the effects of monetary policy on output and prices over the last 10 years. This VAR evidence, however, cannot tell us the sources of such changes, as modifications of the private sector behaviour cannot be separately identified from changes in the conduct of monetary policy. The estimation of a structural DSGE model in which the various channels at work can be disentangled could be more informative in this respect. The next Section takes the DSGE model to the data and dig deeper into this issue.
The DSGE approach
While it is difficult to interpret the impulse responses estimated from a VAR, the estimation of a more structural model can indicate whether there have been offsetting forces that resulted in only minor changes of the monetary policy transmission mechanism as elicited from the VAR or there have been no changes at all.
We illustrate further this point by considering a small-scale DSGE model as the data generating process of the time series of inflation, output and nominal interest rate. convincingly show that, on the one hand, it is impossible to separate the effects of changes in the policy rule and in the variance of the shocks with structural VAR models (see Benati and Surico [2009] ) and that, on the other hand, counterfactuals based on SVARs are unreliable, independently of the issue of parameters identification (see Benati [2009] ).
Data and methodology
In order to estimate the model, we use quarterly data for the period 1989:1-2007:2 9 and match the following seven variables: GDP-deflator based inflation, nominal hourly wage inflation, real consumption, real investment, real GDP, employment (matching total hours in the model) and the three-month nominal interest rate. We use linearly detrended data for consumption, investment, GDP and employment and deviations from their respective means for inflation, the interest rate and wage inflation. The linear trends are estimated over the full sample. For a description of the data see Appendix A.
Bayesian methods combine information from the prior distribution of the structural parameters with that contained in the likelihood function of the model. The resulting posterior distribution of the parameters usually does not belong to any standard family and therefore the inference must be based on simulation methods. It has become common practice to use the Metropolis algorithm to generate draws from the posterior distribution.
We proceed in two steps. First we maximize the log of the posterior density and compute an approximation of the inverse of the Hessian at the mode. Second, we generate 200,000
draws from the posterior distribution of the parameters using a multivariate normal with covariance matrix proportional to the inverse of the Hessian. in the production function and finally we assume no steady state growth for the economy.
We also modify the interest rate rule followed by the central bank as followŝ
whereŷ GDP t is the weighted sum (with weights equal to the steady state shares) of real consumption, real investment and real government spending.
The model has been simplified in order to reduce its parameter space as the length of our time series is limited. For the complete set of equations see Appendix B.
Prior and posterior distributions
Some of the parameters of the model are calibrated (see Table 1 ). We set the households' discount factor at 0.995, in order to obtain a steady-state real short-term interest rate of Figure 7 shows that the post EMU sample is characterized by a policy that responds less to output and more to inflation compared to the one that was in place, in the aggregate of the euro area, before 1999.
Estimation results and impulse responses
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To study the differences in the transmission mechanism of monetary policy across the two subperiods we plot the responses to a one per cent standard deviation shock to the interest rate rule after four quarters. The impulse responses to a monetary policy shock look different from those obtained in the VAR exercise in section 2. In order to square the evidence coming from the two methodologies, we take the point of view of the econometrician and we estimate a basic VAR using the estimated DSGE model as data generating process. The estimates from the VAR, based on actual data, may suffer from a small sample bias due to lack of longer time series. Our interest, however, is not in quantifying this small sample bias, that would apply also to the DSGE estimation, but in the extent to which the responses of output and inflation to a monetary policy shock obtained from a simple trivariate VAR are able to 11 A dimension over which the monetary policy conduct differs across the two samples is the degree of forward-lookingness of the central bank reaction to inflation. Our benchmark Taylor rule assumes that in both periods the interest rate responds to the current level of inflation, while one could argue that the ECB responds mainly to expected inflation over a medium run horizons. However, even when we allow for the possibility of a response to future inflation, the data prefer the benchmark specification.
show the differences in some crucial parameters, across the two subperiods, revealed by the structural estimation of the model. We therefore simulate long time series from the DSGE setting the parameters at the median of the posterior distributions in the pre and post EMU samples, therefore taking into account only the uncertainty of the shocks. Figure 9 plots the impulse responses from the VAR(1) on inflation, output and the nominal interest rate to a monetary policy shock identified through Cholesky factorization. We find that in this basic VAR the response of inflation is slightly stronger after 1999, as evidenced in the DSGE estimation, while there are no perceptible differences in the responses of output and the interest rate. 12 The exercise shows that the simple VAR has a hard time in detecting the differences in the transmission mechanism of monetary policy and the in the magnitudes of the responses of output and inflation.
Explaining the changes in the MTM
Having estimated the model we proceed with a counterfactual analysis which aims at providing an explanation for the changes in the transmission mechanism of monetary policy and, more generally, for its effectiveness in terms of output and inflation stabilization. 12 Note that these results are not directly comparable with those of the VARs in section 2 since in that case data were in levels and the VAR were richer including also the commodity prices, the effective nominal exchange rate and the money M2. In response to a positive shock to the price mark-up (see Figure 12) 13 , the price level is less reactive in the post 1999 sample, while there are no major changes in the response of real activity. Most of the changes of the prices impulse responses across periods are due to changes in the private sector parameters.
Implications for the volatility of output and inflation
As already mentioned in section 3.4 and documented by Canova et al. [2009] , there has been a drop in the volatility of the main macroeconomic variables after 1999 (see Table   3 , Panel A). The standard deviation of the real GDP declines from 1.45 to 1.08 per cent, the one of the GDP deflator inflation from 0.38 to 0.20 per cent and the one of the shortterm nominal interest rate from 0.67 to 0.22 per cent. In this section we analyze this fall in volatility. In the same spirit as the analysis of the Great Moderation we want to uncover the origins of the generalized decline in the volatility of the economy and see whether it has been "good policy" or "good luck". As we have done for the conditional moments of our estimated model, we use a set of counterfactual experiments that allow us to disentangle the effects on the unconditional moments due to changes in the volatility of the structural shocks from those related to changes in the structure of the economy and in monetary policy. The panel B of Table 3 reports the results of the counterfactual experiments for alternative policy rules, structural parameters and shock processes.
The model replicates the fact that the volatility of output, inflation and the nominal interest rate is lower in the post EMU sample. Only a fraction of the decline in these volatilities is due to a more favourable set of shocks (compare the first and the last line across the left-hand and right-hand side columns in Table 3 This suggests that a stronger inflation stabilization is achieved not through a stronger reaction of the nominal interest rate but through the steering of expectations. Overall, the story that emerges is a more interesting one, compared to an all-shocks or an all-policy one explanation for the decline in output and inflation volatility.
Conclusions
The creation of the EMU and the establishment of the ECB with a clear-cut mandate for maintaining price stability might have contributed to changing the transmission mecha- Christopher Sims and Tao Zha. Bayesian methods for dynamic multivariate models.
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